Analogs of vitamin E (tocols) are under development as radioprophylactic agents because of their high efficacy and lack of toxicity. Gamma-tocotrienol (GT3) is of particular interest because, in addition to being an antioxidant, it also inhibits 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase and accumulates to greater extent in endothelial cells than other tocols. We addressed in vivo whether HMG-CoA reductase inhibition contributes to the radioprotection conferred by GT3. Groups of mice were treated with vehicle, mevalonate (the product of the reaction catalyzed by HMG-CoA reductase), GT3 alone or GT3 in combination with mevalonate. Lethality and standard parameters of injury to the hematopoietic, intestinal and vascular/endothelial systems were assessed after exposure to total-body irradiation. GT3 improved postirradiation survival and decreased radiation-induced vascular oxidative stress, an effect that was reversible by mevalonate. GT3 also enhanced hematopoietic recovery, reduced intestinal radiation injury, and accelerated the recovery of soluble markers of endothelial function. These parameters were not reversed by mevalonate co-administration. Our data confirm GT3's radioprophylactic properties against hematopoietic injury and, for the first time, demonstrate benefits in terms of protection against gastrointestinal and vascular injury. The radioprotective efficacy of GT3 against vascular injury is related to its properties as an HMG-CoA reductase inhibitor.
INTRODUCTION
There is significant interest in developing vitamin E analogs (collectively referred to as tocols) as radioprophylac-tic agents because of their potent antioxidant properties, lack of performance-degrading toxicity, and presumed clinical benefit in chronic radiation fibrosis in some organ systems. The naturally occurring tocols comprise ␣-, ␤-, ␦-and ␥-tocopherol and ␣-, ␤-, ␦-and ␥-tocotrienol (1, 2) . Most studies have been conducted with ␣-tocopherol, the most commonly used vitamin E supplement and the most abundant vitamin E isoform in human and animal tissues (3) (4) (5) (6) (7) (8) (9) . However, other tocols, notably ␥-tocotrienol (GT3), have been shown to be superior to ␣-tocopherol in reducing lethality secondary to hematopoietic/immune system injury after total-body irradiation (TBI) in mice (10) .
Tocols exert their biological effects not only by virtue of their antioxidant properties but also by inhibiting the enzyme hydroxy-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, i.e., an effect similar to that of the drug class statins. GT3 exerts substantially stronger inhibitory effects on HMG-CoA reductase compared to other tocols and also accumulates in endothelial cells at much higher levels (11, 12) . These properties suggest that GT3 may be particularly useful in protecting against vascular radiation injury and against tissue injury in organs where vascular injury plays a significant role.
This study addressed the extent to which HMG-CoA reductase inhibition is involved in the mechanisms of radioprotection by GT3 in vivo. The protective effects of GT3 were examined in three organ systems that play critical roles after exposure to ionizing radiation, the hematopoietic system, the intestine and the vascular system. We demonstrate here that, in addition to protecting against hematopoietic radiation toxicity, GT3 also ameliorates intestinal radiation injury, enhances recovery of the intestine after TBI, and reduces vascular oxidative stress in an HMG-CoA reductase-dependent manner. These findings may have significant implications for the future development of tocols as radioprophylactic agents and pertain particularly to tissue injury in organs where vascular damage is presumed to play a mechanistic role. Our data also suggest that combination therapies with tocols and statins should be explored to take advantage of possible synergistic or additive effects.
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MATERIALS AND METHODS
Chemicals
GT3 was obtained from Yasoo Health Inc. (Johnson City, TN). Shortly before administration, GT3 was dispersed in a mixture of polyethylene glycol (PEG-400) (Sigma, St. Louis, MO) and a proprietary blend of fatsoluble emulsifiers with 20% ethyl alcohol and 1% benzyl alcohol added as preservatives (SPA, Stuart Products, Bedford, TX). PEG-400 with emulsifying agent (but without GT3) was used as vehicle control.
Unless otherwise specified, all other chemicals were obtained from Sigma Chemical Company (St. Louis, MO).
Animals
The experimental protocol was reviewed and approved by the Institutional Animal Care and Use Committees (IACUC) of the University of Arkansas for Medical Sciences and the Central Arkansas Veterans Healthcare Systems (CAVHS).
Male CD2F1 mice (Harlan Sprague Dawley, Indianapolis, IN) with an initial body weight of 22-25 g were used in this study. Animals were housed in conventional cages under standardized conditions with controlled temperature and humidity and a 12-12-h day-night light cycle. Animals had free access to water and chow (Harlan Teklad laboratory diet 7012, Purina Mills, St. Louis, MO).
A total of 600 mice was used for these experiments, with four to eight mice per group. Mice were randomly assigned to one of the four following treatment groups: vehicle control, mevalonate alone, GT3 alone, and GT3 with co-administration of mevalonate. Twenty-four hours before irradiation, mice received a single dose of GT3 (400 mg/kg) or the excipient alone by subcutaneous (s.c.) injection. In addition, mice received either 25 mg/kg mevalonate in saline or saline alone by once-daily intraperitoneal (i.p.) injections from 1 day before irradiation until 14 days after irradiation. This dose and administration schedule of mevalonate have been shown to be effective in other applications (13) .
To study the effect of the different treatments on postirradiation survival, mice were exposed to 7-15 Gy TBI and observed for up to 30 days. To determine the effect of GT3 on radiation-induced tissue injury, mice received a single dose of TBI (8.5 Gy, unless otherwise specified) and were subsequently killed at set times after irradiation (0 h, 4 h, 1 day, 3.5 days, 7 days, 12 days, 14 days and 21 days). Previous experiments in CD2F1 mice have shown that 8.5 Gy TBI induces pronounced intestinal and hematopoietic injury, but with sufficient survival at 21 days.
Irradiation
Irradiation was performed with a J. L. Shepherd Mark I, model 25 137 Cs irradiator (J. L. Shepherd & Associates, San Fernando, CA). Unanesthetized mice were placed in cylindrical, well-ventilated Plexiglas chambers (J. L. Shepherd & Associates) divided into four 90Њ ''pie slice'' compartments by vertical dividers made of T-6061 aluminum (machinable grade) with a gold anodized coating. Two chambers were stacked on top of each other and placed on a turntable rotating at 5 rpm in the position furthest away from the radiation source, allowing eight mice to be irradiated at a time. The average dose rate was 1.35 Gy per minute, and the dose rate was corrected for decay each day mice were irradiated. Dose uniformity was assessed by thermoluminescence dosimetry (TLD). Tissue-equivalent mouse phantoms were placed into each of the compartments of the same Plexiglas chambers used for irradiation. Two Harshaw TLD-100 lithium fluoride chips were placed into the center of each phantom and exposed to radiation for either 3 min or 8 min with the turntable rotating. The irradiated TLD chips and unirradiated control chips were subsequently analyzed by an independent company (K&S Associates, Nashville, TN). The measured coefficients of variation were 4.4% and 2.7%, respectively, for the two radiation exposures.
Survival Studies
For studies of postirradiation survival, mice were exposed to graded doses of TBI between 7 and 15 Gy. The mice were monitored up to 30 days after TBI, and the number of dead/moribund mice was recorded twice daily. Kaplan-Meier survival curves, median survival times, and lethality at 10 days and 30 days were recorded.
Assessment of Intestinal Radiation Injury
Mucosal surface area. Intestinal mucosal surface area is a well-validated, sensitive parameter of intestinal radiation injury. Mucosal surface area was measured in vertical H&E-stained sections of the jejunum using a projection/cycloid method as described by Baddeley et al. (14) . The method has been validated by us previously specifically for surface area determination of the intestinal mucosa after irradiation (15) .
Intestinal crypt colony assay. Microcolony crypt survival was performed as described by Withers and Elkind (16) . Exactly 3.5 days after TBI (0, 8.5, 11, 13 and 15 Gy), mice were killed, and segments of proximal jejunum were obtained, fixed, embedded so that four transverse sections were obtained per specimen, cut at 3-5 m, and stained with H&E. Surviving crypts, defined as crypts containing 10 or more adjacent, chromophilic non-Paneth cells, were counted. Four circumferences were scored per mouse, and microcolony survival was expressed as the average number of surviving crypts per circumference, with the average from each mouse considered as a single value for statistical purposes.
Plasma citrulline levels. The plasma level of citrulline is a well-validated biomarker for functional enterocyte mass (17) . There is excellent correlation between plasma citrulline levels and more conventional markers of intestinal radiation injury, including mucosal surface area and the crypt colony survival assay (18, 19) . Because citrulline levels can be determined in as little as 5 l plasma, the citrulline assay may be used as an attractive minimally invasive, longitudinal marker of radiation-induced bowel injury. At 0, 3.5 and 7 days after 8.5 Gy TBI, whole blood was collected into EDTA-coated tubes (Fisher Scientific, Pittsburgh, PA.). Plasma was obtained by centrifugation (12,000 rpm, 5 min, 4ЊC) and stored at Ϫ80ЊC until analyzed. Citrulline concentrations were determined using a reverse-phase HPLC-fluorimetry method with precolumn OPA/ ME derivatization, as described previously by Pérez-Neri et al. (20) .
Bacterial translocation. Radiation-induced bacterial translocation starts around day 7 and peaks around 2 weeks after TBI (21, 22) . In the present study, analysis of bacterial translocation was performed on day 10 after exposure to 9 Gy TBI. Livers were removed aseptically and homogenized immediately. Bacterial translocation was quantified by real-time PCR as described by van Minnen et al. (23) . Briefly, DNA was isolated from sterile livers using a DNA purification kit (Promega, Madison, WI), and real-time PCR was performed using Power SYBR green PCR master mix (Applied Biosystems, Foster City, CA) and 16S rRNA gene-targeted primers, forward (5Ј-AAC GCG AAG AAC CTT AC-3Ј) and reverse (5Ј-CGG TGT GTA CAA GAC CC-3Ј). Serially diluted bacterial genomic DNA was used to generate the standard curve. PCR-derived bacterial counts were expressed as nanogram bacterial DNA per gram mouse liver tissue.
Assessment of Hematopoietic Injury and Recovery
Blood cell counts. At 0, 3.5, 7, 14 and 21 days after TBI (8.5 Gy), whole blood was collected into EDTA-coated tubes. Peripheral blood cell counts were obtained using a veterinary hemocytometer (Hematrue System, Heska Corporation, Loveland, CO) according to the manufacturer's instructions.
Spleen colonies. Endogenous spleen colonies are a result of the proliferation of single hematopoietic stem cells and spleen colony counts are a marker of postirradiation hematopoietic recovery. At 12 days after TBI (8.5 Gy), spleens were collected in Bouin's solution. After fixation, spleen colonies were clearly visible as yellowish nodules against a dark, smooth background. Spleen colonies were counted by two independent observers.
FIG. 1.
Effect of GT3 and/or mevalonate administration on overall survival. Panel A: Kaplan-Meier survival curve from mice exposed to 11 Gy TBI. GT3 significantly prolonged survival and reduced lethality (P ϭ 0.001). This effect was not reversed by mevalonate. Panel B: Improvement of the median duration of postirradiation survival by GT3 in mice exposed to 11 Gy TBI (median survival time Ϯ IQR). V: vehicle; M: mevalonate; GT3: ␥-tocotrienol; GT3 ϩ M: ␥-tocotrienol ϩ mevalonate.
Assessment of Vascular Oxidative Stress and Endothelial Function
Vascular peroxynitrite production. Pre-and postirradiation peroxynitrite measurements provide information about the magnitude of radiationinduced oxidative/nitrosative stress. Peroxynitritrite readily oxidizes dihydrorhodamine 123 (DHR123). While the reaction is not entirely specific for peroxinitrite in that both HOCl and H 2 O 2 , provided the reaction is catalyzed by heme-containing peroxidases, are also capable of oxidizing DHR123, this assay is frequently used as a marker for peroxynitrite production. In the present study, abdominal aortas were removed by dissection at 0, 4 and 84 h after TBI. After collection, the aortas were incubated in 10 M DHR123 (Axxora, San Diego, CA) in EGM-2 medium (Lonza, Walkersville, MA) for 90 min at 37ЊC in the dark. Subsequently, aortas were washed twice with PBS and homogenized in a buffer (PBS, 0.15% Tween-20, 0.15% SDS) using a Polytron PT 6100 homogenizer (Kinematica Inc., Bohemia, NY). Samples were centrifuged for 5 min at 2000 rpm and supernatant was collected to determine fluorescence (485/515) using a Synergy HT multiplate reader (BioTek Instruments, Winooski, VT). The protein concentration in the supernatant was measured using a modified Bradford reaction (Coomassie Plus Protein Assay, Thermo Scientific, Rockford, IL). Fluorescence was expressed per mg protein.
Soluble markers of endothelial function. Plasma levels of the endothelial cell adhesion molecules VCAM-1, ICAM-1 and E-selectin, the serine protease inhibitor PAI-1, and the gelatinase MMP-9 are commonly used to monitor changes in endothelial function. Whole blood was collected into EDTA-coated tubes (Fisher Scientific, Pittsburgh, PA). Plasma was generated by centrifugation (12000 rpm, 5 min, 4ЊC) and stored at Ϫ80ЊC until analysis. Soluble VCAM-1, ICAM-1, E-selectin, PAI-1 and MMP-9 were measured by multiplexing using a Bioplex system (BioRad Laboratories, Hercules, CA) and the Lincoplex mouse CVD1 panel (Millipore, Billerica, MA).
Statistical Methods
Statistical analyses were performed using NCSS 2004 for Windows (NCSS, Kaysville, UT). Data are presented as means Ϯ SEM, except for duration of survival, which is presented as median Ϯ interquartile range (IQR). Two-sided tests were used throughout, and differences were considered statistically significant when the P value was less than 0.05. Survival curves were constructed using the Kaplan-Meier method and were compared using the log-rank test. Survival curves for the crypt colony assay were compared using regression analysis with radiation dose and treatment group as independent variables. Pairwise (univariate) comparisons were performed with the Student's t test or Mann-Whitney U test. Comparisons among several treatment groups and/or times were performed with analysis of variance (ANOVA) with post hoc testing of group differences with Bonferroni's or Dunnet's test as appropriate.
RESULTS
GT3
, administered as a single s.c. dose 24 h before irradiation, had a pronounced effect on postirradiation survival. For example, after 11 Gy TBI, GT3 increased survival from 0% to 88% (Fig. 1A) and median survival time from 11.5 to 30 days (P ϭ 0.001) (Fig. 1B) . Co-administration of mevalonate did not reverse the effect of GT3 on overall survival.
Each of the three assays used to assess intestinal radiation injury, mucosal surface area, the intestinal crypt microcolony assay, and plasma citrulline levels, showed a highly statistically significant effect of GT3 on the intestinal radiation response. Intestines from GT3-treated animals consistently exhibited less structural injury than intestines from vehicle-treated mice (Fig. 2) . At 3.5 days after 8.5 Gy TBI, the mucosal surface area was decreased in all treatment groups (P Ͻ 10
Ϫ6
). From day 7 on, animals treated with GT3 and GT3 combined with mevalonate showed increased recovery of the mucosal surface area compared to the vehicle and mevalonate groups (P ϭ 0.008) (Fig. 3) .
GT3 was also associated with a significant improvement in crypt survival measured at 84 h after TBI (P ϭ 0.002). This effect was not reversed by co-administration of mevalonate (Fig. 4) .
Mice from all treatment groups showed a decrease in
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FIG. 2.
Effect of GT3 on structural injury of the intestine. Representative images of intestines from a vehicletreated (top) and a GT3-treated mouse on day 3.5 after 8.5 Gy TBI. Original magnification of both images 20ϫ. plasma citrulline 3.5 days after irradiation, indicating decreased intestinal epithelial cell mass. By day 7, plasma citrulline levels had recovered. Interestingly, on day 7, GT3-treated animals and animals treated with GT3 and mevalonate exhibited citrulline levels that were significantly higher than in unirradiated mice (P ϭ 0.01) (Fig. 5) .
GT3 administration was associated with a highly statistically significant reduction in bacterial translocation as assessed by the presence of bacterial DNA in the livers from irradiated mice (P ϭ 0.002) (Fig. 6) . No bacterial DNA was detected in the livers of unirradiated mice.
To confirm the effect of GT3 on radiation-induced hematopoietic injury, peripheral blood cell counts and spleen colony counts were obtained. As expected, the number of circulating blood cells decreased dramatically after irradiation. White blood cell counts started decreasing as early as 4 h after irradiation. In contrast to vehicle-treated animals, GT3-treated animals exhibited increased leukocyte counts (P ϭ 0.01) and recovery of platelet counts (P ϭ 0.01) and erythrocyte counts (P ϭ 0.01) by day 14 after TBI (Table 1) . Spleen colonies were counted 12 days after irradiation. Compared to vehicle-treated mice, GT3-treated animals exhibited enlarged spleens and increased numbers of spleen colonies (P ϭ 0.0008) (Fig. 7) . The positive effect of GT3 on hematopoietic recovery was not reversed by mevalonate.
To study the effect of GT3 on the vascular and endothelial radiation response, we measured aortal peroxynitrite production along with circulating markers of endothelial function. Vascular peroxynitrite production was significantly increased during the first 3.5 days after radiation exposure. GT3 conferred a highly statistically significant degree of protection against radiation-induced vascular peroxynitrite formation at both 4 h (P ϭ 0.004) and 3.5 days (P ϭ 0.004) after irradiation. This effect of GT3 was prominently reversed by mevalonate administration, thus demonstrating dependence on inhibition of HMG-CoA reductase (Fig. 8) .
Plasma levels of four of the five measured endothelial
FIG. 3.
Effect of GT3 and/or mevalonate administration on mucosal surface area. TBI induced a reduction in mucosal surface area in all treatment groups (abbreviations as in Fig. 1 ). Administration of a single dose of GT3 24 h before irradiation significantly improved recovery of the intestinal mucosal surface area as measured from 7 days after irradiation on (P ϭ 0.008). This effect was not reversed by mevalonate. The measures of variability (SE) are plotted only in the upward direction to minimize the number of overlapping lines.
FIG. 5.
Effect of GT3 on postirradiation bacterial translocation. Ten days after exposure to 9 Gy TBI, significant amounts of bacterial DNA were observed in the livers of vehicle-treated mice. There was a highly statistically significant reduction in bacterial translocation in GT3-treated mice (P ϭ 0.002).
FIG. 4.
Effect of GT3 and/or mevalonate on postirradiation crypt survival. Pretreatment with a single dose of GT3 significantly improved intestinal crypt survival (P ϭ 0.002) (abbreviations as in Fig. 1 ). This effect was not reversed by co-administration of mevalonate. The measures of variability (SE) are plotted only in the upward direction to minimize the number of overlapping lines.
FIG. 6.
Relative plasma citrulline levels 3.5 days and 7 days after irradiation. There was a highly significant reduction in plasma L-citrulline levels at 3.5 days, but this effect was not attenuated by GT3 administration (abbreviations as in Fig. 1 ). At 7 days after irradiation, L-citrulline levels were back to baseline values in the vehicle-and mevalonate-treated animals, whereas in GT3-treated animals, L-citrulline levels exceeded baseline values (GT3 alone: P ϭ 0.01; GT3 ϩ mevalonate: P ϭ 0.005). membrane proteins, E-selectin, MMP-9, ICAM-1 and VCAM-1, showed a significant reduction at 3.5 and 7 days after irradiation. At 14 days, the plasma concentrations of E-selectin, MMP9 and VCAM-1 were approaching baseline values in the groups treated with GT3 and with GT3 and mevalonate, whereas the levels in vehicle-treated animals were still significantly, or in the case of MMP9 borderline significantly, abnormal (P ϭ 0.006, P ϭ 0.06, and P ϭ 0.02, respectively) (Fig. 9) . Circulating levels of soluble ICAM-1 remained reduced in all groups at 14 days after irradiation. No significant changes in soluble PAI-1 were observed in this experiment.
DISCUSSION
Development of effective radioprophylactic interventions continues to be a significant capability shortfall and an unmet need. At present, only amifostine is approved for this Notes. Values are means Ϯ SEM; *P Ͻ 0.05; **P Ͻ 0.005. At 14 days after irradiation, erythrocyte, platelet and leukocyte counts had recovered significantly in the GT3 group (P ϭ 7 ϫ 10 -6 ; P Ͻ 10 -6 ; P ϭ 0.002, respectively) as well as in the GT3 ϩ mevalonate group compared to the vehicle and mevalonate alone groups.
FIG. 7.
Effect of GT3 and/or mevalonate on spleen colony counts. Animals treated with GT3 and GT3 ϩ mevalonate showed increased numbers of spleen colonies compared to vehicle-and mevalonate-treated animals at 12 days after 8.5 Gy TBI (P ϭ 0.0008; abbreviations as in Fig. 1 ). All spleens from GT3-treated animals exhibited countless (k100) partly confluent colonies, and the number is thus arbitrarily set to 100.
FIG. 8.
Effect of GT3 and/or mevalonate on postirradiation vascular peroxynitrite formation. GT3 reduced radiation-induced peroxynitrite production in the abdominal aorta at 4 h (P ϭ 0.004) and 3.5 days (P ϭ 0.004) after TBI (abbreviations as in Fig. 1 ). This effect was reversed by co-treatment with mevalonate, indicating that it is dependent on HMGCoA reductase inhibition.
indication, but its use is hampered by a narrow window of administration relative to the time of irradiation as well as by serious performance-degrading side effects. Therefore, amifostine is generally considered unsuitable as a practical countermeasure (24) . Considerable efforts are currently being directed at developing other compounds, including vitamin E analogs, as less toxic alternatives for radioprophylactic use.
Most studies investigating vitamin E analogs as radioprotective agents have focused on the use of ␣-tocopherol. However, because of critical structural and functional differences among the various tocols, other isoforms may actually exhibit superior radioprotective properties. The eight different vitamin E isoforms, ␣-, ␤-, ␦-and ␥-tocopherol and ␣-, ␤-, ␦-and ␥-tocotrienol, differ in the number and position of the methyl groups on the chroman ring. Moreover, tocopherols and tocotrienols differ in terms of the side chain attached to the chroman ring: Tocopherols have a saturated phytyl side chain, while tocotrienols have an unsaturated isoprenoid chain. Consistent with the notion that GT3 may be a more potent radioprotector than ␣-tocopherol, a direct comparison in a mouse TBI model revealed a 40% survival benefit with GT3 compared to ␣-tocopherol (10) . These data are also consistent with reports from research fields other than radiation biology that in general show that tocotrienols exhibit more potent health-promot-
FIG. 9.
Effect of GT3 and/or mevalonate on circulating markers of endothelial dysfunction 8.5 Gy TBI induced a significant decrease in circulating E-selectin (panel A), MMP9 (panel B), VCAM (panel C) and ICAM (panel D) levels. At 14 days, E-selectin (P ϭ 0.006), MMP9 (P ϭ 0.006) and VCAM (P ϭ 0.02) levels approached baseline values in GT3-treated animals while they were still severely reduced in mice treated with vehicle and mevalonate alone. There was no difference in ICAM levels among the treatment groups.
ing effects than ␣-tocopherol. For example, compared to tocopherols, tocotrienols are more effective as neuroprotective compounds, as anti-cancer agents, in reducing hypercholesterolemia, and in improving endothelial cell function (11, 12, (25) (26) (27) (28) (29) . However, the exact molecular underpinnings of these functional differences between tocols and tocotrienols have not been elucidated.
It is commonly believed that differences among tocols are due to increased membrane mobility, distribution and/ or cellular uptake of tocotrienols caused by their unsaturated isoprenoid side chain (11, (30) (31) (32) . However, another property that applies specifically to GT3 and ␦-tocotrienol is the inhibition of HMG-CoA reductase, i.e., an effect that is similar to the drug class statins. HMG-CoA reductase catalyzes the rate-limiting step in cholesterol synthesis and statins are the mainstay in the treatment of hyperlipidemia disorders. However, in addition to the hypercholesterolemic effects, the benefits of HMG-CoA reductase inhibition also include a plethora of cholesterol-independent effects. These effects are generally vasculoprotective and include decreased oxidative stress, improvement of endothelial cell function, and anti-inflammatory properties (33) . There is substantial preclinical and clinical evidence supporting the notion that inhibition of HMG-CoA reductase ameliorates radiation injury in normal tissues. Hence statins have been shown to attenuate pulmonary injury and intestinal injury after localized irradiation (34) (35) (36) . Moreover, clinical studies have shown statin use to be associated with reduced rectal toxicity after pelvic radiation therapy (37) . GT3 is 30-fold more potent as an HMG-CoA reductase inhibitor compared to ␣-tocopherol (38) , and it accumulates in endothelial cells to levels that are 25-95-fold greater (26) . It is thus likely that some of the radioprotective properties of GT3 after TBI may relate to its properties as an inhibitor of HMG-CoA reductase. This may be particularly relevant to injury of normal tissues where endothelial dysfunction and/or vascular injury is presumed to play a role.
In contrast to statins, which directly inhibit the activity of HMG-CoA reductase, GT3 enhances the degradation of the enzyme (39, 40) . While both ␦-tocotrienol and GT3
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stimulate ubiquitination of HMG-CoA reductase by Insig proteins and subsequent degradation by 26S proteasomes, GT3 appears to be more selective in this respect. In vivo experiments have confirmed that GT3 supplementation does indeed reduce HMG-CoA reductase activity in animals (41) . Because of the difference between GT3 and statins in terms of the mechanism by which they inhibit HMGCoA reductase, there may be opportunities for synergy or at least additive benefits of combining the two compounds for radioprotection.
The present study confirmed previous reports that prophylactic administration of GT3 before TBI ameliorates hematopoietic radiation toxicity and reduces lethality. 4 In the present study, mice treated with a single dose of GT3 administered 24 h before TBI exhibited accelerated hematopoietic recovery. These results are consistent with the notion that part of the radioprotective effect of GT3 is mediated by the induction of G-CSF and other cytokines and chemokines that stimulate proliferation and differentiation of hematopoietic progenitor cells (7) .
In addition, crypt survival and mucosal surface area were also significantly improved in GT3-treated mice. Hence our data demonstrate that GT3, in addition to reducing the consequences of hematopoietic/immune suppression, also ameliorates intestinal radiation toxicity. While plasma citrulline was unchanged at 3.5 days after TBI, the citrulline levels at 7 days after TBI exceeded baseline values in GT3-treated animals, suggesting that GT3 administration promotes recovery of the intestinal mucosa.
Whereas mevalonate at the dose and schedule given in the present study did not reverse the beneficial effect of GT3 on acute radiation-induced hematopoietic and intestinal injury, mevalonate clearly reversed the protective effect of GT3 on radiation-induced vascular peroxynitrite formation. This demonstrates that this effect of GT3 is mediated by inhibition of HMG-CoA reductase. Radiation-induced vascular damage plays a critical role in the mechanism of early delayed radiation responses in many different organ systems. In the gut, for example, endothelial apoptosis is thought to promote acute epithelial injury (42, 43) and to play an important role in the subsequent development of delayed radiation enteropathy (44) . Similarly, endothelial dysfunction, and more specifically peroxynitrite production, has been shown to play a prominent role in pulmonary radiation toxicity (45) (46) (47) .
The protective effect of GT3 on the hematopoietic niche may also be due in part to its properties as an HMG-CoA reductase inhibitor. The pleiotropic effects of HMG-CoA reductase inhibitors are largely mediated by increased activity of endothelial nitric oxide synthase (eNOS), which is critical for mobilization and proliferation of stem cells and thus ameliorates the consequences of myelotoxic insults (48) . Hence compounds like GT3 that protect vascular endothelium against the effects of radiation by inhibiting HMG-CoA reductase may improve recovery from radiation injury in a variety of organ systems. Studies to determine the extent to which eNOS is required for the protective hematopoietic effect of GT3 are ongoing.
Although a reversal of the beneficial effect of GT3 by co-administration of mevalonate was observed only for vascular injury in the present study, it is conceivable that inhibition of HMG-CoA reductase by GT3 nevertheless contributes to the protection against intestinal and hematopoietic radiation injury. First, reversal of the effects of GT3 by mevalonate administration in vivo may be insufficient in some organ systems because of differences and/or different pharmacokinetics in tissue and cellular distribution of the two compounds. Second, it is possible that a higher mevalonate concentration is required in certain organs or that higher doses or more frequent or continuous administration (such as by miniosmotic pumps) is required for some effects to become apparent. Third, it is conceivable that the rate and/or duration of HMG-CoA reductase inhibition caused by single dose of GT3, as used in the present study (as opposed to its antioxidant effect), is not sufficient to have a pronounced effect on intestinal and hematopoietic injury. Finally, it is possible that inhibition of HMG-CoA reductase is more important in reducing the late sequelae after irradiation than the acute radiation responses, as shown for the effects of statins after localized, fractionated irradiation (36) . Further research is clearly needed to explore the effects of administration of repeated doses of GT3 and to address the potential benefits of combining compounds that inhibit HMG-CoA reductase activity by different mechanisms.
In conclusion, a single prophylactic dose of GT3 greatly reduces lethality after TBI. In addition to attenuating hematopoietic and immune system dysfunction, GT3 also reduces intestinal and vascular oxidative stress. Inhibition of HMG-CoA reductase may play a significant role in the vascular radioprotection by GT3. 
